Arthropods are an important component of grassland systems, contributing significantly to biodiversity and ecosystem structure and function. Climate, fire, and grazing by large herbivores are important drivers in grasslands worldwide. Arthropod responses to these drivers are highly variable and clear patterns are difficult to find, but responses are largely indirect with respect to changes in resources, species interactions, habitat structure, and habitat heterogeneity resulting from interactions among fire, grazing, and climate. Here, we review these ecological mechanisms influencing grassland arthropod diversity. We summarize hypotheses describing species diversity at local and regional scales and then discuss specific factors that may affect arthropod diversity in grassland systems. These factors include direct and indirect effects of grazing, fire, and climate, species interactions, above-and belowground interactions, and landscape-level effects.
INTRODUCTION
Understanding patterns of arthropod species diversity worldwide is a grand challenge. A hierarchical approach is required to determine how ecological processes filter regional species pools, resulting from historical and biogeographic processes, to shape local species composition and diversity (41, 95, 101) . In grasslands, local arthropod diversity is influenced largely by ecological factors associated with grazing, fire, and climate, the primary ecological and evolutionary drivers shaping grassland systems (67) . We review primary ecological mechanisms that determine species diversity of grassland arthropods, and link them to contributions from intermediate-to large-scale ecological factors acting over broad landscapes (37, 114, 121) .
Grasslands and savannas cover approximately 35%-40% of Earth's surface (103) , although human activities over the past century (especially agriculture) have greatly diminished their actual land cover and increased the degree of fragmentation. Grasslands are dominated by nonwoody vegetation, where grasses make up about 80% of the aboveground biomass (net primary production, NPP), but plant species richness is about 80% forbs (67) . Moreover, most grasslands experience variable weather patterns, leading to big swings in NPP and plant foliar quality between years (82) , and arthropod abundances can show large swings (12). The legacy of variable climatic history associated with Pleistocene glacial-interglacial cycles caused significant shifts in range distributions in northern latitudes, leading to altered taxonomic composition of communities and associated species interactions (54). However, significant differences in the history of grasslands worldwide challenge our ability to fully understand local ecological determinants of arthropod diversity and search for common mechanisms.
Arthropods contribute significantly to grassland biodiversity (30, 116, 124), community-level trophic dynamics (46, 47, 106), and ecosystem function (7, 81, 124) while providing critical goods and services to society (124). In general, arthropod communities exhibit wide-ranging patterns of taxonomic composition, body size distributions, feeding modalities, abundances, and lifestyles (32, 108, 109). Despite incredible arthropod diversity worldwide, evidence suggests the existence of repeatable, self-similar patterns across spatial scales for diversity-related patterns such as rank-abundance distributions, species-area curves, and size-frequency distributions (32). Because arthropod species are quite responsive to changing environments, including those resulting from human management practices (22, 48, 84) , densities and diversity can be highly variable within and among years and sites. The striking variability among grassland arthropod communities worldwide begs the question: Are there common ecological mechanisms and processes for understanding arthropod biodiversity in grasslands, especially for comparisons among grasslands with no historical affinity? Understanding mechanisms underlying the maintenance of arthropod diversity in grasslands can also serve as an important model for understanding the ecological factors determining species diversity more generally, while providing a framework for developing conservation plans. Although no sufficient data exist to answer this question directly, we incorporate information from grasslands throughout the world to develop a general picture and framework.
To organize contributions of ecological factors to arthropod species diversity in grasslands, we address the following topics. (a) We start with species diversity-area/productivity relationships (101, 110) , which provide a backdrop for understanding γ-(regional) diversity and appropriate spatial scale by defining the characteristics of species pools from which contemporary communities draw species (32). General hypotheses describing species diversity at local and regional scales are briefly discussed. (b) Primary drivers of grassland ecosystem development and maintenance (fire, grazing, climate) underlie arthropod diversity, acting either directly or indirectly through changes in vegetation characteristics (60, 67, 84) or in response to interactions resulting from habitat heterogeneity in the landscape mosaic (53, 114). Studies of fire-grazing interactions focus on
REGIONAL INFLUENCES ON ARTHROPOD DIVERSITY (AREA AND ENERGY)
Species diversity varies predictably with area in a scale-dependent fashion-the canonical speciesarea curve (101) , in which species-area and species-energy (productivity) relationships are often linked (128). Including energy (productivity) explicitly adds a metric of resource availability and heterogeneity to the analysis, as recognized in standard species-area evaluations over latitudinal gradients (26, 27, 101) . Energy is a fundamental currency in ecology and varies greatly over broad geographic gradients as temperature (through influences on metabolism or seasonality), incidence of solar radiation, or primary production (by determining the resource base to support multiple trophic levels), each covarying with species diversity although mechanistic understanding is often elusive (27). Several mechanisms can explain the patterns (27, 119, 128), and outcomes often lead to unimodal patterns of diversity with respect to productivity in local comparisons or monotonic relationships at global scales (15). Spatially, outcomes that may be confounded with area are highly scale dependent; at least nine mechanisms with nonexclusive predictions exist to explain general patterns of species diversity as affected by productivity (27). Species-energy theory posits a critical role of increased population size as a primary reason to explain why species increase with productivity (the More Individuals Hypothesis; 128). Increased energy availability should increase population sizes, which in turn reduces local extinction rates of species and thus maintains diversity. Moreover, complex food webs with more trophic levels should result as NPP increases among habitats (36, 106), leading to more coexisting species. On the basis of the thermoregulatory load hypothesis, temperature-dependent metabolism determines the fate of energy allocation as it switches from maintenance to growth and reproduction with implications for population sizes (26). Small individuals should be more sensitive to low temperatures and respond more strongly to population increases at higher temperatures. Kaspari et al. (62, 63) test key predictions of species-energy theory using litter ants across a broad gradient of primary productivity. For scrub, tundra, and grasslands, NPP limits taxocene density, and density limits species richness (63). In ground-dwelling ants, nest density varied as a function of NPP, although the response was negatively decelerating, and thus change was less striking at higher NPP levels.
Shifting mosaic of vegetation:
results from management practices that use fire-grazing interactions to promote heterogeneity in the landscape over space and time NPP ultimately influenced species richness, which showed a negatively decelerating relationship with nest density at three spatial scales (63). Energy limitation was more profound at sites with lower NPP, and sites with higher average temperatures tended to have ants with smaller body size (61). Although mechanisms underlying species-energy theory as a general explanation are currently unresolved, species-energy theory as a general approach is clearly a highly promising approach for understanding arthropod diversity, and available evidence from insect groups suggests more study is warranted.
Other hypotheses, in addition to regional energy/area explanations, have been proposed for understanding patterns of species diversity at local and regional scales ( Table 1) . These include hypotheses that focus on abiotic aspects of the habitat, time, temperature, and disturbance regimes. Other hypotheses suggest that biotic interactions determine diversity, and focus on particular species interactions as well as resource diversity, heterogeneity and complexity, and how network connectance determines stability (Table 1) .
FIRE, GRAZING, AND ARTHROPOD DIVERSITY
Interactions between fire and grazing by large herbivores act as dominant proximate ecosystem drivers in grasslands worldwide (2, 3, 35, 37, 39, 66). These ecosystem drivers create shifting mosaics of vegetation, which shape the landscape to influence consumer distribution, abundance, and diversity, ultimately maintaining grassland structure and function. In addition to effects on vegetation structure, plant species diversity, and taxonomic composition, grazers worldwide exhibit a preference for recently burned areas (3), which further creates spatial heterogeneity of habitat suitable for arthropods.
Fire and grazing influence arthropod diversity in grassland systems, especially in North America and Europe (Supplemental Tables 1 and 2 ; follow the Supplemental Material link from the Annual Reviews home page at http://www.annualreviews.org). Understandably, studies vary among experimental treatments, methodologies, and level of taxonomic interest, so comparisons and conclusions are necessarily coarse. Arthropod responses to fire and grazing are often species specific and vary with patch size, phenological timing, intensity, and frequency of burning or grazing (5, 34, 50, 73) . Experimental studies indicate that the species and breed of grazer may interact with vegetation type to determine arthropod responses to grazing (98) (99) (100) . Finally, arthropod responses to fire and grazing are highly variable among years and sites (90) , an outcome that makes it difficult to generalize about effects of fire and grazing on arthropod communities.
A wide range of responses result from studies assessing how grazing intensity affects arthropod diversity. Unimodal responses of arthropod species richness, consistent with the intermediate disturbance hypothesis, sometimes result (58, 59, 96). Other studies conclude that grazing leads to increased species richness (4, 123), decreased species richness (74), or no effect on arthropod species richness (5, 94) , and these responses may vary among sites and years. For example, species richness was often higher in ungrazed and winter grazed plots than in summer grazed plots in desert grassland (34), but no consistent responses of arthropod populations over the five-year study resulted. Furthermore, arthropod responses to grazing are often species specific, obscuring our ability to generalize community-wide patterns.
Different species of grazers differentially influence arthropod community composition and diversity as grazer identity interacts with vegetation type to influence the outcome. In field experiments from northwestern Spain using different species (cattle, sheep, goats) and breeds of grazers at multiple grazing intensities, Rosa García et al. (98) (99) (100) found that arthropod responses may be highly dependent on grazer and vegetation type. For example, ground-dwelling arthropod Metabolic theory hypothesis Molecular evolution scales with metabolic rate. Speciation should be highest in small-bodied species and for species in warm environments.
Regional 13
Time/stability hypothesis Species diversity is higher in areas that are older and have been undisturbed for longer periods than in younger/more recently disturbed areas.
Regional 112
Niche partitioning and resource diversity hypothesis Species diversity is highest when resources are diverse; species can partition resources to reduce competition and competitive exclusion.
Local 77
Habitat complexity hypothesis Species diversity increases with habitat complexity; there is heterogeneity of microhabitat types within a habitat.
Habitat diversity hypothesis
Species diversity increases with the number of types of habitats within a region (as opposed to microhabitats within a habitat type as in the habitat complexity hypothesis). communities varied in pastures grazed by goats versus sheep, with a significant interaction between vegetation type and grazer identity (100).
As with the effects of grazing, comprehensive reviews indicate that insect responses to prescribed burning in grasslands defy our ability to identify repeatable responses (113). In general, arthropod responses to fire are often species specific and vary with fire frequency, time since burn, taxa examined, and species traits. Kerstyn & Stiling (65) found no effect of burn frequency on abundances of leaf miners, but grasshoppers were more abundant in plots burned more frequently. Nadeau et al. (85) found no consistent responses among plots for grasshopper responses to burning, but other studies show clear, species-specific effects (58, 59). Long-term studies indicate that general responses can be uncovered (60), but the taxonomic level examined may be critical to uncovering general patterns. For example, Panzer (90) showed that arthropod responses to fire at 21 sites over a seven-year period were consistent year to year at the species level, but patterns disappeared after lumping species into higher taxonomic levels.
Fire has the potential to negatively affect very rare species that cannot recover from fire in highly fragmented landscapes (113). However, Panzer (90) found that 68% of insect species that responded negatively to fire recovered to prefire levels within 1 year of a burn, and 94% of species recovered within 2 years of a fire; very rare species may have been missed in this study. Ultimately, fire seems essential for maintaining grassland habitat necessary for grassland invertebrates despite the potential for negative effects on individual arthropod species populations. For example, arthropod diversity was higher in burned plots than in unburned plots because reduced presence of woody vegetation in burned plots favored increased arthropod diversity (50).
Arthropod diversity reflects mostly fire-grazing interactions rather than the effect of either factor alone (37, 60, 120). Analyses of a long time-series of grasshopper abundances and communities in tallgrass prairie at Konza Prairie (Kansas) (60) document such relationships. Fire, weather, and grazing by bison all influenced grasshopper responses, and different feeding guilds responded differently. Mixed and forb-feeding taxa were more abundant on grazed watersheds, and grass-feeders were more abundant on watersheds burned annually in the spring. The interaction between the length of time since the last burn and bison grazing was most predictive, as were long-term climate signals (North Atlantic Oscillation and Palmer Drought Severity Index) (60). The mechanisms by which fire and grazing influence grassland arthropods remain unresolved.
MECHANISMS STRUCTURING GRASSLAND ARTHROPOD ASSEMBLAGES
Vegetation in grasslands provides the physical habitat for most consumer species and the nutritional base for arthropod food webs. Disturbance from grazing, fire, and their interactions alter vegetation, structuring arthropod community responses through indirect paths emanating from the altered plant community. As such, key vegetation attributes that could influence arthropod diversity include overall primary production, degree and heterogeneity of structural architecture, plant species richness, floristic composition, chemical attributes of foliage from both defensive and nutritional viewpoints, and factors affecting mutualistic relationships between plants and insects (e.g., flower density/diversity, pollinator diversity, and plant-microbe interactions) or competitive and/or exploitive interactions among species from multiple trophic levels.
Fire, grazing, and weather in a landscape context interact simultaneously on habitat structure (Figure 1) , influencing arthropod diversity through several mechanisms also acting simultaneously. An increase in host plant species resulting from fire and grazing regimes should increase the number of insect herbivore species that coexist locally as seen in many systems worldwide (18, 87), the heterogeneity in local vegetation structure (73, 121) , and, in some cases, the responses corresponding to the availability of specific host plants needed by insect herbivores (see below). In terms of diet, insect herbivores range from strict specialists to generalists, where host plant selection is mediated by nutritional and defensive chemicals in plant tissues (9). If plant taxa or nutritional blends represent unique resources for exclusive use by different insect herbivores, one then expects more resources to yield greater species diversity (6).
Species composition of the plant community defines its physical structure, which influences important ecological responses by arthropods. Insect populations respond dramatically to thermal 
Figure 1
An overview framework of factors contributing to arthropod diversity in grasslands is shown. In addition to climate (weather), fire-grazing interactions structure the habitat template that determines resource availability and architectural structure for coexisting arthropods at a site. Resources and habitat characteristic influence direct and indirect species interactions among multiple trophic levels in both aboveground and belowground compartments. Landscapes operating at a regional level with respect to area, degree of fragmentation, and connectivity influence the available species pool and likelihood of local extinction. Detailed interaction networks are not indicated for simplicity.
characteristics of their habitats (20). Thermoregulation is important for many individual activities and is especially important for maintaining digestion efficiency and resource acquisition in insects (129). Spatially heterogeneous habitat structures with a variety of canopy options, including open microhabitat, facilitate opportunities for thermoregulation by insects without exposing them to predators as much as closed-canopy habitats do (68, 127) . Altered habitat structure affects the availability of enemy-free space, where the number of microhabitats that minimize detection and capture by predators should lead to increased arthropod diversity (57, 75). As habitat conditions and resources diversify in response to fire and grazing, more taxa and trophic complexity should result at the local scale. Variable grassland vegetation structure coupled to increased plant species richness increases the availability of limiting resources, microhabitats, and suitability of abiotic conditions necessary to support arthropod taxa. Overall arthropod abundances vary with plant species richness, but responses show both positive and negative associations (70) . Grasshopper species richness varied negatively with grass biomass and canopy height, and positively with heterogeneous canopy height and plant species richness, in North American tallgrass prairie managed long-term with controlled burns and bison grazing at watershed scales (59). No significant relationships existed between grasshopper species richness and either forb biomass or variability in plant species richness, even though a number of generalist feeding species eat forbs. Total insect herbivore and combined insect predator/parasitoid richness varied positively with plant species richness in experimental plots from Minnesota grasslands (69) . Well-studied butterfly assemblages include taxa with host ranges that vary from extreme specialists to generalists, providing another opportunity to test the basic assumption that increased plant diversity provides more resources, supporting more butterfly species. In a regional comparison across California, plant species richness is not a strong predictor of butterfly diversity, even though statistically significant positive correlations exist between plant and butterfly species richness for all "butterfly species combined" and for "host specialists only" (52). Rather, a path analysis model that included environmental variables associated with effects of temperature and plant productivity appeared causal; no additional goodness of fit to predict the number of butterfly species was achieved with the inclusion of plant species richness. A challenge is to reconcile regional, spatially scaled responses to expectations at local levels.
Belowground responses to increasing plant species and functional diversity are idiosyncratic in the sense that all manner of responses have been recorded, including no detectable response. In experimental temperate grasslands established for four years, soil collembolan species diversity and overall density increased positively with plant species richness and plant functional diversity (102). Short-term experimental studies (122) often showed opposite responses, suggesting that results are context dependent or idiosyncratic, that more details remain to be uncovered, or that ecosystem dynamics were still in flux from the establishment phase.
Floristic composition of plant communities is less often investigated as a determinant of arthropod diversity but may be important (33, 49), particularly because floristic composition integrates a range of biotic and abiotic factors. Schaffers et al. (104) showed that plant species composition consistently outperformed vegetation structure to predict diversity of multiple arthropod groups examined in seminatural grasslands in The Netherlands. Vegetation structure strongly influenced the diversity of bees and spiders, but diversity of grasshoppers, carabid ground beetles, weevils, delphacid planthoppers, spittlebugs, and hover flies responded most strongly to plant species composition. Influences from abiotic factors (e.g., soil characteristics, soil chemistry, temperature) did not predict arthropod diversity in this case, unlike some other studies in grazed grasslands and heathlands (51). Rather, the conclusions in this study (104) shifted to contributions of individual plant species on arthropod diversity and food web structure, as they collectively determine vegetation structure, host plant diversity, and the landscape of defensive chemical and nutritional characteristics affecting insect herbivores. Given the structure of arthropod food webs, this approach makes sense because many insect herbivores show restricted diets, or nearly so (9).
Trophic position is central to understanding communities, fostering continued efforts to understand bottom-up versus top-down dynamics, and the relative contributions of direct and indirect interactions. Does plant diversity influence diversity differentially among trophic levels and by what mechanism? Separate experimental studies provide insights, but results are not consistent. Insect herbivores and combined predators and parasitoids increased with plant species richness in Minnesota (69). Mixed results were observed for arthropod abundances in BIODEPTH experiments that manipulated plant species richness in both Switzerland and Sweden (70) . Consumer species richness is usually positively associated with overall abundance (see above). Abundances of specialist leafhoppers and wingless aphids varied with plant species richness and functional group diversity, but leafhoppers responded negatively and aphids positively with respect to plant species diversity. No trend with plant species richness was observed for generalist insect herbivores (70) . Abundances of generalist spider and carabid beetle predators were negatively associated with 
ABOVEGROUND AND BELOWGROUND LINKAGES
Diversity of grassland arthropods reflects feedbacks between aboveground and belowground compartments of the food web (8, 21, 55), which can change as plant diversity or plant quality varies (8). The effects of one compartment on the other may influence higher-order trophic interactions, including predator-prey and host-parasite interactions.
Belowground interactions may influence aboveground arthropod populations by modulating plant chemistry and thus nutrition to aboveground consumers, ultimately altering herbivore abundances and traits such as body size or fecundity (11, 105). These interactions are often species and guild specific. Scheu et al. (105) found that earthworms and collembolans had different effects on nitrogen content and root versus shoot biomass in two species of plants, leading to contextdependent responses in aphid reproduction that varied with plant species and soil fauna treatment. The addition of protozoa increased plant nitrogen content, thus altering aphid abundance and biomass (11).
Belowground interactions may affect aboveground species interactions at higher trophic levels such as predators and parasites (10, 40, 79). Bezemer et al. (10) grew plants in separate pots and inoculated the soil with nematodes, microbes, or both. Plant quality (amino acid composition) was lower when nematodes were added, leading to decreased aphid abundance and increased parasitoid survival. This resulted partly from the larger size of aphids in the nematode-added treatments, which promoted higher levels of parasitoid survival. Gange et al. (40) found that fungal arbuscular mycorrhizal fungi could increase, decrease, or have no effect on parasitism by a dipteran seed predator, but the effect depended on the species of arbuscular mycorrhizal fungi used. Reduced root herbivory using insecticide led to fewer invertebrate seed predators and parasites compared to plants with root herbivory (79) . Fewer studies examined how aboveground species interactions influence belowground interactions, but a manipulative laboratory experiment involving aphids and two species of predators showed that aboveground trophic cascades increased abundance and diversity of primary consumers in belowground communities (122). Abundance and diversity of belowground predators also responded to the addition of aboveground consumers, but the effect varied over time among treatments.
Other mechanisms further indicate the richness inherent in interactions between belowground and aboveground compartments. In the rhizosphere, top-down regulation of belowground prey by top predators altered the release of nutrients that regulate bottom-up plant productivity, which in turn altered aboveground species webs (83) . Moreover, natural food webs include slow and fast food web energy channels, which contribute differentially to nutrient cycling and differ in productivity and turnover rates. Top-down predation belowground can couple slow and fast channels to confer stability to natural grassland food webs (97) .
Species interactions in aboveground compartments of the food web affect species interactions in the belowground food web compartments, and vice versa, which may ultimately influence arthropod diversity. Hooper et al. (55) hypothesized that linkages between diversity aboveground and belowground are mediated through plant diversity, which increases the diversity of resource types and quality (for example, increased litter diversity and litter quality may increase arthropod diversity of decomposers). However, the nature of the correlations between aboveground and belowground diversity likely depends on the nature of species interactions between aboveground and belowground compartments and on the scale of ecological factors that affect these communities (55). Additional studies are needed to test these predictions in grassland habitats. 
NETWORKS, FOOD WEB STRUCTURE, AND ARTHROPOD DIVERSITY
Food webs or species interaction webs describe multiple-level relationships among coexisting arthropod species that ultimately reflect basal plant taxa and their diversity, effects that propagate throughout the community network (1, 46, 47, 91). Reducing the number of plant species in aphidparasitoid communities, for example, decreased species richness at all trophic levels primarily through indirect paths (91). Aphids and primary parasitoids showed the highest species richness at intermediate levels of plant species richness, whereas secondary parasitoids declined linearly with plant species richness resulting from shorter food chains in communities with the highest plant species richness. Similar results were observed in a North American field experiment in Minnesota (46, 47). As plant species richness increased from 1 to 16 species in long-term field experiments in the NSF LTER Program study at Cedar Creek, Minnesota, cumulative species richness of herbivorous arthropods increased by an average of ∼40% and predator richness increased by ∼35%.
In a comparative study, Albrecht et al.
(1) tested the hypothesis that declining plant species diversity led to decreased interaction diversity and decreased quantitative changes in food web structure of trap-nesting insects from restored Swiss grassland meadows. Intensively managed meadows contain lower plant species diversity than restored sites do. Reduced plant species richness was associated with reduced diversity at all trophic levels. Increased linkage density and interaction diversity, enhanced compartment diversity, and decreased interaction evenness were observed in restored meadows (1), reflecting increased generalism in host-prey species interactions.
Experiments from Cedar Creek, Minnesota, on arthropod responses to plant diversity also document the important role of basal plant species richness in overall food web stability (measured as lower year-to-year variability in responses) (46). Theory predicts that food web stability results from the connectivity of trophic interactions, including the degree of specialist feeding (80) . As plant diversity increases consumer diversity and habitat structure, food web connectivity decreases as the number of potential species interactions and potential for prey escape from predators increase (80) . In this study, population stability and community stability responded differently. Population stability of specialists largely decreased as plant species richness increased, but population-level stability of generalist herbivores was not affected. Low-diversity treatments had greater than 40% more herbivore individuals, significantly higher abundances of specialist herbivores, and higher levels of population fluctuation (47). In contrast, plant species diversity stabilized responses by the entire herbivore community, resulting largely from bottom-up control (46) and the "portfolio effect" (24), wherein statistical averaging according to power-law relationships ensures diversity-stability relationships. The stability of predator and parasitoid to species richness over the range investigated increased by ∼30%, but again the variability in abundance responses of populations increased with plant species richness. Overall, community stability at all trophic levels increased with plant species diversity as food web complexity increased, and interspecific interactions were less tightly coupled (lower connectivity) as predicted by theory (46, 80).
In communities, multiple species interactions among trophic levels set up many possible contrasts between bottom-up and top-down control of overall food web structure, which can affect species diversity of the system. However, the indirect contributions of predator-prey interactions to community and ecosystem processes are often poorly appreciated (106, 107), despite their fundamental roles in the reticulated network of direct and indirect pathways that influence community and ecosystem dynamics (106). For example, trophic cascades (indirect increases in vegetation caused by predator-induced reductions in herbivore feeding or density) vary with many factors, such as predator diversity, abiotic conditions, and herbivore density (31, 44, 88) , and indicate the relative importance of top-down versus bottom-up processes. More generally, local community assemblages can be represented as complex ecological interaction networks and webs to document the local robustness of species diversity and its sensitivity to species loss depending on the nature of the network interaction for trophic and mutualistic networks (92, 115). From theory and empirical analyses of arthropod assemblages, highly connected and nested sets of species interactions are expected to promote stability of mutualistic networks (e.g., pollination), and trophic network stability (e.g., herbivory) is enhanced most likely by compartmented and weakly connected architectures (115). Intensely sampled networks that depend on plant species from spatially distributed managed grasslands embedded within an otherwise agroecosystem landscape (92) revealed (a) much variability in the robustness of different networks to loss of plant species, (b) that components did not covary such that activities that benefitted a particular functional network did not inevitably benefit others, and (c) that mutualistic networks were highly sensitive to plant species loss. Aphids, seed-feeding insects, and seed-feeder parasitoids were most vulnerable to sequential loss of plant species in simulations (92).
LANDSCAPE-LEVEL PROCESSES AND DIVERSITY
Landscape-level processes influence ecological processes responsible for the origin and maintenance of local arthropod diversity, and a variety of mechanisms contribute to their influence on species diversity. Habitat fragmentation and habitat modification are major anthropogenic processes that affect ecosystems at the global level (19, 29, 71, 119), modifying rates of extinction and colonization of species at local scales. The resulting size and spatial distribution of suitable habitats, including dispersal corridors, thus contribute to local arthropod diversity.
Fragmentation, Available Habitat Areas, and Corridors
Mechanisms underlying community responses to fragmentation are difficult to assess because of inherent complexity from biotic and abiotic interactions at multiple scales (126). Landscape structure can influence spatial patterns of diversity. Diekotter et al. (23) partitioned the additive diversity for three arthropod functional groups (pollinators: bees, herbivores: true bugs, and predators: carabid beetles) within and among patches that differed in connectivity in a Swiss-managed grassland landscape. Increased connectivity led to a greater contribution of β-diversity to overall γ-diversity, and the effect was greater in carabid beetles that could not disperse as effectively as bees and true bugs.
Habitat area was most important for understanding species diversity at all trophic levels in controlled experiments of arthropod responses to planted clover plots (126). Plots with increased habitat sampled the regional source pool to a greater degree and accumulated more species than plots with less habitat area. Using data from 24 independent studies, Ockinger et al. (86) showed that increased habitat area and connectivity consistently increased arthropod species richness in cross-continent comparisons. Life-history traits proved important for understanding responses to landscape, as species with low mobility, specialized diets, and low reproductive capability were most affected by habitat loss. Other studies show reduced extinction risk by generalist feeders (43, 111).
Arthropod species respond differentially to habitat fragmentation and area (16-18), often depending on the feeding guilds and whether they specialize on few or many host species. Generalist feeding species are more likely than specialists to find sufficient resources within a fragment and are also more likely to utilize corridors that could provide nourishment and additional habitat (16). Local food sources, compared with regional, geographical factors, often contribute a strong, direct impact to herbivores in fragmented studies (18, 64, 71 
Trophic Level Susceptibility to Fragmentation Hypothesis
Predators may respond to landscape-scale factors in accordance with the Trophic Level Susceptibility to Fragmentation Hypothesis (71) . Because reestablishment of predator populations requires the prior establishment of prey populations, predators are more susceptible to fragmentation.
Insect species from different trophic levels often respond differently to fragment isolation, area, or both (42, 71, 118, 130 ). Arthropods associated with top trophic levels respond to both fragment isolation and area, while arthropods associated with lower trophic levels are less affected (25). The Trophic Level Susceptibility to Fragmentation Hypothesis (71, 72, 117, 118) predicts that species richness of predators and parasitoids should decrease as habitat fragments become isolated and area is reduced.
Herbivorous insects from lower trophic levels are not greatly affected by regional fragmentation factors directly but rather respond indirectly, possibly reflecting changes in the plant community due to regional fragmentation. Plant community changes include attributes such as plant species richness, plant height diversity, and blooming flower community. Local extinction as a result of disturbance in prairie remnants may be common, because fragments are often managed for hay production or grazing by large mammals. Arthropods associated with higher trophic levels such as parasitoids and predators rely on the prior establishment of prey populations and may be slow to successfully reestablish in disturbed fragments after extirpation (72) .
CONCLUSIONS
Many ecological factors operating at different spatial scales contribute simultaneously to the origin and maintenance of local arthropod diversity in grasslands. In each case, species interactions are important, and these interactions are usually poorly understood in single systems, let alone in multiple grasslands, which would facilitate comparative studies. Much can be gained by linking existing comparative studies of grassland arthropod diversity with long-term experiments aimed at teasing apart specific ecological mechanisms, especially when couched in a strong conceptual and theoretical framework.
SUMMARY POINTS
1. Species-area and species-energy relationships predict scale-dependent patterns of arthropod diversity. Diversity increases with productivity, in support of the "more individuals hypothesis," in which greater population size leads to lower extinction rates of coexisting species in higher productivity systems.
2. Fire, grazing, and climate are dominant ecosystem drivers that structure grasslands. Each factor alone can affect arthropod diversity, but the results of individual studies are idiosyncratic. Ultimately, fire-grazing interactions are more important than either factor alone, largely because of the resulting habitat and landscape heterogeneity that contributes to increased arthropod diversity.
3. Local arthropod diversity varies with vegetation attributes, including richness and composition of plant species, plant architectural heterogeneity, total productivity, and abiotic conditions. Multiple indirect interactions are expected.
4. Aboveground and belowground communities are compartmentalized, where they interact primarily via responses of plant species to herbivory or via effects on nutrient cycling; higher trophic levels are also affected through this linkage.
5. Local communities represent complex interaction networks, supporting a variety of indirect interactions among species, including trophic cascades, compartmentalized and nested architectures, and variable connectedness, each of which contributes to patterns of arthropod diversity and possible system stability. 6. At the landscape level, habitat fragmentation and area explain major shifts in arthropod diversity in grasslands. Higher trophic levels appear more sensitive to these effects.
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